Two-dimensional hybrid simulations of super-Alfvénic expanding debris plasma interacting with an inhomogeneous ambient plasma are presented. The simulations demonstrate improved collisionless coupling of energy to the ambient ions when encountering a density gradient. Simulations of an expanding cylinder running into a step function gradient are performed and compared to a simple analytical theory. Magnetic flux probe data from a laboratory shock experiment are compared to a simulation with a more realistic debris expansion and ambient ion density. The simulation confirms that a shock is formed and propagates within the high density region of ambient plasma. Collisionless shocks are naturally occurring phenomena which are prevalent in space and astrophysical environments. They occur at the edges of supernova remnants [1] , are formed in high altitude ionospheric explosions [2] , are formed in front of comets [3] , and are formed around Earth as the bow shock [4, 5] . Shocks have been generated in magnetic pinch experiments many years ago [6] , though in recent years there has been renewed interest in studying astrophysical-like shocks generated in the laboratory. Currently several different methods are being employed to investigate the formation of shocks, including the collision of two plasma jets [7] , and the interaction of two laser-produced plasmas [8] . In these cases the photographic evidence for the formation of a shock and the time scale for formation are suggestive but not conclusive. Novel studies are being carried out with experiments on super-Alfvénic laser-ablated debris expansions in a magnetized background plasma, using the Raptor laser in the Phoenix laser laboratory [9] with the Large Plasma Device (LAPD) [10, 11] . In this Rapid Communication, we present hybrid simulations of shock formation across a density gradient in a parameter regime suitable for laboratory experiments. It is shown that a density gradient aids in coupling energy to the ambient plasma from laser-ablated debris, which improves the effectiveness of the debris piston and generates a stronger shock. Hybrid simulations are then compared to in situ laboratory data, which support these findings.
Collisionless shocks are naturally occurring phenomena which are prevalent in space and astrophysical environments. They occur at the edges of supernova remnants [1] , are formed in high altitude ionospheric explosions [2] , are formed in front of comets [3] , and are formed around Earth as the bow shock [4, 5] . Shocks have been generated in magnetic pinch experiments many years ago [6] , though in recent years there has been renewed interest in studying astrophysical-like shocks generated in the laboratory. Currently several different methods are being employed to investigate the formation of shocks, including the collision of two plasma jets [7] , and the interaction of two laser-produced plasmas [8] . In these cases the photographic evidence for the formation of a shock and the time scale for formation are suggestive but not conclusive. Novel studies are being carried out with experiments on super-Alfvénic laser-ablated debris expansions in a magnetized background plasma, using the Raptor laser in the Phoenix laser laboratory [9] with the Large Plasma Device (LAPD) [10, 11] . In this Rapid Communication, we present hybrid simulations of shock formation across a density gradient in a parameter regime suitable for laboratory experiments. It is shown that a density gradient aids in coupling energy to the ambient plasma from laser-ablated debris, which improves the effectiveness of the debris piston and generates a stronger shock. Hybrid simulations are then compared to in situ laboratory data, which support these findings.
Computer simulations with hybrid codes have been used extensively to investigate the coupling physics in the context of high Mach number plasma interactions [12] , astrophysical and high altitude nuclear explosions [13] [14] [15] , and the structure of collisionless shocks in space [16, 17] . On a much smaller scale, they have also been used to model shock heating [18] and sub-Alfvénic expansions [19] in laboratory experiments, as well as shocks produced by small asteroids in the solar wind [20] .
Previous analytical [21] [22] [23] and computational [24, 25 ] studies on debris-ambient plasma interaction and coupling in * clarkse@physics.ucla.edu our experimental geometry treat the initial ambient plasma as being uniform in density and temperature. These studies typically relate the generation and strength of a shock to a coupling parameter, which was shown to be dependent on the ratio of the equal mass radius (
is the magnetic stopping radius, E d is the total debris kinetic energy, B 0 is the background magnetic field, M A is the Alfvénic Mach number of the debris expansion, m d and m i are the masses of the debris and ambient ion species, respectively, Z d is the charge state of the debris ion species, and c/ω pi is the ambient ion inertial length [26] . The coupling parameter can also be thought of as a time constraint, or a shock formation time, where R m > M A v A t 0 , with t 0 ∼ π 4 √ ω ci ω cd being the rough shock onset time. The ambient ion inertial length and Alfvénic Mach number of the expansions are inversely proportional to the square root of the ambient ion density, so it becomes a challenge to characterize the coupling parameter using these quantities in the case of an inhomogeneous ambient plasma.
This Rapid Communication extends previous computational studies to investigate the effects of a density gradient on the coupling of energy from the debris plasma to the ambient plasma. Hybrid simulations are performed in which the debris cloud is treated as a cylindrical expansion passing over a step function density jump. The simulation results are compared to a simple fluid model, initially conceived by Conrad Longmire but rigorously derived by Wright [27] , which provides insight into the dependence of the electric and magnetic fields on the ambient ion density. Finally, magnetic flux probe measurements [28] will be compared to a simulation that more closely resembles experimental conditions, in which the debris plasma is modeled as a conical ejection which interacts with a high density core of plasma embedded in a lower density plasma.
The simulation software is a 2D3V collisionless, magnetostatic hybrid code in which there are two Cartesian spatial dimensions, but the fields and velocities are in three dimensions [29] . Two simulations are presented to compare the difference between a cylindrical super-Alfvénic expansion through a uniform background and one with a lower density region near the initial debris cloud. Both simulations have an ambient plasma consisting of H +1 with a density n i = 10 13 cm −3 everywhere, though the nonuniform case has a lower density near the initial debris ions of n i = 1 3 × 10 13 cm −3 , with a radius of 2 c/ω pi . The debris consists of C +4 with initial kinetic energy of 50 J, and an expansion velocity of M A ∼ 2. The simulation consisted of 240 × 240 cells with 100 particles per cell in each species and a grid size of 0.1 c/ω pi . The ambient ion temperature is initialized to T i = 1 eV and the electron temperature to T e0 = 8 eV. The initial background magnetic field is B z = 200 G, which is perpendicular to the expansion. For the uniform density case, we find that R m ∼ 5.3 c/ω pi , ρ d ∼ 6 c/ω pi , and the ratio of the two is R m /ρ d ∼ 0.9, where it has been shown that if the coupling parameter is greater than or equal to 0.7 a shock is formed [26] . These parameters are representative of attainable experimental plasma conditions. [26] . Figure 1(a) shows B z for the uniform simulation, which indicates a diamagnetic bubble is formed [30] , and a compressional electromagnetic pulse separates and propagates away from the edge of the bubble. Figure 1 shock [31] . The ion phase space (not shown) indicates that a small percentage of ambient ions are being reflected at the shock front. The combination of the compression satisfying RH jump conditions and the presence of dissipation indicates that the wave can be classified as a shock wave.
The lower panels in Fig. 1 show simulation data from the nonuniform simulation. The results look similar, but there are several noticeable differences. Figure 1(c) shows that the shock that is launched is slightly faster than in Fig. 1(a) . The diamagnetic bubble also extends further spatially. Figure 1(d) shows the density compression moving out faster than in the homogeneous case [ Fig. 1(b) ], the density is more fully swept out, and the compression is slightly higher.
The results presented in Fig. 1 imply that the coupling of energy and momentum to the ambient ions is stronger in the nonuniform case, resulting in stronger shock generation. This can be understood from the parameter R m /ρ d , which has been shown to correlate to the coupling of energy and momentum from debris ions to ambient ions [26] . From simple geometrical considerations, the nonuniform equal mass radius in two dimensions (2D) is R
, where R n is the radius of the density jump, and α n is a dimensionless parameter that represents the density fraction in the core (n in = α n n i ). In our case α n = 1/3, which gives a simplified expression:
. So the nonuniform equal mass radius is larger than its uniform counterpart (R mn > R m ), which leads to a larger coupling parameter in the nonuniform case (R mn /ρ d > R m /ρ d ). The nonuniform equal mass radius (R mn ) is larger than the uniform case due to the lower density core. This implies stronger coupling for the nonuniform case. Figure 2 clearly shows that the coupling of energy and momentum to the ambient plasma is increased in the nonuniform simulation. The ambient ions in the nonuniform simulation start to gain more energy relative to the uniform case around tω ci ∼ 0.5, which is when the pulse is propagating within the low density region. The debris ions in the nonuniform case start to lose a significant amount of energy relative to the uniform case around tω ci ∼ 1, when the pulse overruns the density jump.
Since the electric and magnetic fields are responsible for coupling energy and momentum to the ambient ions, one would expect stronger fields in the lower density region, where the coupling is enhanced. Following the procedure outlined in Wright [27] , one can derive E and B for a cylindrical expansion analogously to a spherical expansion. The model assumes unmagnetized debris ions that expand out radially, ambient ions which are stationary and uniform, and completely magnetized electrons that are bound to magnetic field lines. This model neglects electron inertial effects and electron pressure. The magnetic field is modeled as three regions: a cavity where B z = 0, a magnetic field compression inẑ with an associated electric field inφ that causes the electrons to E φ B z drift outward radially in a shell, and a region outside of the shell with uniform magnetic field B 0 . For a given radius R s , which is the outside radius of the shell, there is a shell thickness
1. The shell thickness, which is a parameter present in the field solutions, is determined using quasineutrality; thus it is proportional to the ambient ion density. The magnetic field inside the shell can be expressed as 2 , which means that the field compression is inversely proportional to the ambient ion density. The electric field in the shell is given by
, where r is the position inside of the shell. These analytical expressions for E φ and B z dictate that the physical electric and magnetic fields are stronger in lower density background plasmas. Figure 3 shows the fields associated with the electromagnetic pulse. While the analytical model and simulation do not match up exactly at early times (not shown) because the initial debris cloud has a finite extent in the hybrid simulation, the simulation shows that the fields are in fact larger as the pulse overruns the density jump at tω ci ∼ 1, which leads to better coupling and energy transfer from the debris ions to the ambient ions. The analytical model is no longer valid after any ambient ions have been swept up, but it does provide some insight into the coupling physics. Launching a magnetosonic pulse into a low density region, which then propagates into a higher density region improves coupling due to larger electromagnetic fields in the compressed electron shell that interact with the ambient ions. Figure 4 shows several interesting features at a time just before the pulse runs over the density gradient. The azimuthal and radial components of the electric field are larger in the nonuniform [ Fig. 4(b) ] simulation at this time compared to the uniform case [ Fig. 4(a) ]. The magnetic field compression in the nonuniform case leads the debris ion cloud more than in the uniform case. The phase space [ Fig. 4(c) ] shows that the bulk of the ambient ions for the nonuniform case are accelerated to a velocity in excess of twice that of the uniform case. The stronger E φ accelerates the ambient ions faster in the nonuniform case, which then turn upstream in the enhanced magnetic field and get ahead of the piston [15] . The density is swept out more effectively behind the magnetic pulse due to the larger electric field, as shown in Fig. 4(d) . In the low density region of the nonuniform simulation a larger percentage of debris ions participate in transferring energy to the ambient ions and do not slip out past the cavity, or do not "decouple" in the parlance of Hewett [15] . The enhanced coupling in the low density region limits the number of particles that decouple, which increases the energy transferred to the ambient ions.
These hybrid simulations have been validated by laboratory experiments in the LAPD. The latest LAPD experiment [32] utilized a recent upgrade which consists of a lanthanumhexaboride (LaB 6 ) cathode [33] at the north end of the machine to compliment the original barium-oxide (BaO) coated nickel cathode at the south end of the machine. The combination of these two cathodes, with different electron emissivity, yields a radially inhomogeneous ambient plasma. The ambient plasma consists of singly ionized hydrogen (H +1 ) ions with a peak density in the center of the machine of n i ∼ 1-2 × 10 13 cm
and a diameter of 20-40 cm. This high density plasma is embedded in a larger diameter plasma of ∼ 80 cm that has a density n i ∼ 2 × 10 12 cm −3 . The target used in the experiment consisted of high density polyethylene which was positioned just outside of the high density region, 30 cm off axis. The laser blow-off plasma then passes through a density gradient during the initial expansion phase from a low density region into a higher density region. The measured density profile peaked at 2.2 × 10 13 cm −3 at a distance of 30 cm. The shape is roughly Gaussian, with a standard deviation of σ ∼ 18 cm. The density was n i ∼ 2 × 10 12 cm −3 outside of the high density region. This ambient density profile is used in the hybrid simulation. The background magnetic field is 400 G. Figure 5 shows the measured B z in the experiment, which compares well with the simulation. The simulation was performed using 240 × 240 cells with 100 particles per cell, in a domain that extends to 32 c/ω pi in X and Y , where the ion inertial length is defined by the peak density. The debris ions were initialized such that the radial velocity spread is on the order of the drift velocity, which is M A ∼ 1.5, consistent with spectroscopic Doppler shift measurements. They are ejected out conically at ±30
• off of the x axis. The electrons have reference temperature T e0 ∼ 6 eV, and the ambient ion temperature is 1 eV, which corresponds with measured values of temperature calculated from Langmuir probes. Figure 5 (a) shows a compression that is broadening and separating from the piston in the high density region. The ramp up at the front of the wave and the compression ratio are in line with RH jump conditions for a Alfvénic Mach 2 shock. The compression decreases after propagating into the lower density region at around 40 cm from the target. The simulation depicted in Fig. 5(b) shows average compressions around the same magnitude. The ambient ion phase space in the simulation (not shown) shows the presence of reflected ions, which indicates that the magnetosonic pulse in the experiment has in fact steepened into a subcritical shock. In summary, this Rapid Communication takes a look at extending shock formation theory to more realistic conditions with the aid of hybrid simulations that have been benchmarked by experimental data. In contrast, previous theories for shock formation using diamagnetic bubbles as a piston typically consider the ambient ions as initially uniform, and the expansion as either cylindrically or spherically symmetric. It has been shown analytically and computationally that a density gradient enhances coupling, reduces the shock formation time, and increases the Mach number of the shock, which are all important for the design of laboratory shock experiments.
